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ABSTRACT
We present a study of 7 southern open clusters based on UBVRI CCD photomety
(Johnsons-Cousins system) and Gaia DR2 data. Dias 4, Dias 6 and four other clusters
had UBVRI photometric observations determined for the first time. From the observa-
tional UBVRI data we obtained photometric membership probability estimates and,
using the proper motions from the UCAC5 catalog, we also determined the kinematic
membership. From Gaia DR2 astrometric data we determine the stellar membership
using proper motions and parallaxes, taking into account the full covariance matrix.
For both independent sets of data and membership we apply our non subjective mul-
tidimensional global optimization tool to fit theoretical isochrones to determine the
distance, age, reddening, metallicity and binary fraction of the clusters. The results of
the mean proper motions, distances and ages are in agreement, but the ones obtained
from Gaia DR2 data are more precise in both membership selection and estimated
parameters. In the case of NGC 6087, the Cepheid S Nor, member of the open cluster,
was used to obtain an independent distance estimate, confirming the one determined
by our fitting method. We also report a serendipitous discovery of two new clusters in
the extended field near what was originally Dias 4.
Key words: (Galaxy:) open clusters and associations:general
1 INTRODUCTION
This paper is part of a series motivated by the need for
a homogeneous set of open cluster parameters such as dis-
tances and ages, to improve the New catalog of Optically
Visible Open Clusters and Candidates published by Dias
et al. (2002) (hereafter DAML021) which is widely used in
different astrophysical researches and specially by our group,
to investigate the spiral arms structure (Dias & Le´pine 2005)
and evolution of the galactic disk (Le´pine et al. 2011).
A major problem in studies of open clusters is the deter-
mination of the membership probabilities of stars. Clearly
with more accurate determination of cluster membership it
is possible to better constrain estimates of distances, ages,
and velocities (proper motion and radial velocity). Our team
? E-mail: wiltonsdias@yahoo.com.br
1 The latest version (3.5) can be accessed on line at https://
wilton.unifei.edu.br/ocdb/.
has contributed in this topic through membership probabil-
ity estimates from both photometric (Monteiro et al. 2017)
and proper motion data (Dias et al. 2014, 2018). In this
study we show how the solution of this question evolved in
the era of the Gaia mission (Gaia Collaboration et al. 2018a).
The open clusters investigated in the present study were
selected from DAML02 with the aim to provide a set of
homogeneous UBVRI data and parameters determined from
them in a non subjective isochrone-fitting approach. For all
the clusters studied here, except for NGC 6087, these are
the first results based on UBVRI data. The cluster NGC
6087 was observed in this run because the Cepheid S Nor,
member of the cluster, allows us to obtain an independent
check of the distance estimate by our isochrone fit method.
Despite the fact that several of the clusters investigated
in the present work had previous determinations of distances
and ages, important corrections were needed given the dis-
crepancies between results obtained by different works us-
ing different methods, as discussed by Netopil et al. (2015).
© 2017 The Authors
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There are several reasons that may explain the differences
in the parameters of the clusters published in the literature.
However, the most important reasons are: 1) characteristics
and quality of the data, 2) determination of the member-
ship probabilities of the stars and 3) the isochrone-fitting
method used. In our previous works we emphasized some
important points in determining accurately the parameters
of open clusters. Two of the most important ones are the
relevance of the U filter to correctly estimate the extinction
(which is limited by the spectral-type/reddening degeneracy
of the color-color diagram) and the subjectivity in the visual
isochrone fits, which are still used in many works.
With the publication of the Gaia DR2 catalog, with its
unprecedented astrometric precision, we can give answers
to relevant questions in the study of open clusters, such as:
how does data quality improve membership determination?
What is the confidence and precision of the cluster param-
eters determined by the isochrone fits from Gaia DR2 pho-
tometric data alone?
The objects studied in this work, which were observed
in our photometric Survey of Southern Open Clusters, are
briefly presented in the next Section. In general, since the
survey is a long period project, the clusters observed are se-
lected based mainly on their visibility (given the allocated
telescope time) as well as the most up to date information
on the availability of good quality CCD UBVRI photome-
try for each object. This requirement is justified given our
goal to work towards an homogeneous sample of objects.
Some objects are re-observed if additional information can
be gained, as in the case of the cluster NGC 6087 described
below.
The available data is described in two main Sections, 3
and 4. Section 3 refers to UBVRI data, providing details of
the observation and membership determination, and in Sec-
tion 4 we present the Gaia DR2 data and astrometric mem-
bership. In Sec. 5 we describe the isochrone fitting method
used. In Sec. 6 we present a discussion of the results obtained
for each cluster. In Sec. 7 we compare the results with those
published by different studies and discuss results obtained
from UBVRI and Gaia DR2 data. In Sec. 8 we give our final
conclusions.
2 OVERVIEW OF THE INVESTIGATED OPEN
CLUSTERS
2.1 Collinder 307
Moffat & Vogt (1975) concluded there was no evidence of the
existence of a real open cluster based on UBV photoelectric
photometry of 12 stars with V ≤ 12.4.
However, Giorgi et al. (2004) studied the cluster per-
forming UBV CCD photometry and spectroscopy of the
brighter stars in the field. Based on the results from the
stars with V ≤ 12 the authors estimated distance of 1740 pc
and age between 250 and 400 Myr (logt between 8.40 and
8.60) for E(B − V) = 0.8.
Carraro et al. (2006) performed CCD observations with
V and I filters of a field of 13.5 arcmin centered on Collinder
307. The color-magnitude diagram (CMD), as also presented
by Giorgi et al. (2004), shows a clear feature of a real open
cluster. The parameters determined by the authors indicate
an intermediate age open cluster (logt = 8.60 yr) at 1300
pc.
Kharchenko et al. (2013) (hereafter K13) and
Bukowiecki et al. (2011) (hereafter B11) studied Collinder
307 based on infrared JHKs data from 2MASS catalog
(Skrutskie et al. 2006) but obtained discordant parameters.
While K13 estimated distance of 2065 pc and a relatively
younger age (logt = 7.25 yr), B11 found a distance of 1550
pc and logt = 8.4 yr.
2.2 Dias 4
Dias 4 was discovered in 2002 (Dias et al. 2002) by visual in-
spection of the cluster field when constructing the DAML02
catalog.
It was studied by Tadross (2009) and K13 using JHKs
data from the 2MASS catalog. Both authors estimated dis-
tance of about 2100 pc and age of logt ≈ 9.2yr, for E(B−V) ≈
0.5 using different approaches for isochrone fit procedure as-
suming solar metal content.
2.3 Dias 6
The open cluster Dias 6 was also discovered in 2002 (Dias
et al. 2002) by visual inspection of the cluster field when
constructing the DAML02 catalog. Although the object has
been studied by two authors, the full UBVRI data was up
to now unavailable.
Fundamental parameters of Dias 6 were published for
the first time by Bica et al. (2004). In that paper the object
was assigned as Cluster 2. The authors used JHKs data from
the 2MASS catalog to derive the fundamental parameters:
d = 2190 pc, E(B − V) = 0.91 mag and age log t≈ 8.70 yr.
The cluster was also studied by Tadross (2008) who also
used data from 2MASS and obtained E(B − V) = 0.91 mag,
log t = 8.78 yrs and a closer distance of about 1580 pc.
2.4 IC 4651
IC 4651 is a well-studied open cluster for which data in dif-
ferent photometric systems as well as spectroscopy is avail-
able. However, no UBVRI CCD data has been found in the
literature.
The cluster’s stars are well separated from the back-
ground stars and therefore presents the CMD with well-
defined main sequence (MS), turn-off (TO) and red giant
clump. In the literature one can find several studies of the
cluster and their stellar population (see Netopil et al. (2015)
and Mermilliod (1995)).
2.5 NGC 5138
NGC 5138 was studied by UBV photoelectric data of some
tens of stars by Lindoff (1972) and Claria´ (1980). Both au-
thors have found E(B −V) ≈ 0.25 but do not agree very well
on distance and age values. Using 2MASS data K13 estimate
E(B−V) = 0.312 and a distance of 1819 pc in agreement with
Claria´ (1980), but considering a slightly younger age.
To the best of our knowledge, there has been no UBVRI
data for the stars of the NGC 5138 field.
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2.6 NGC 6087
This well-studied cluster was included in the observations
because it contains a Cepheid (S Nor) which allowed us
to verify independently that our method is producing reli-
able results. Well studied objects like these can also be used
as important benchmarks when comparing different analysis
techniques.
The cluster has been studied since the 1960s through
optical data and more recently with near infrared 2MASS
data. There is only one study based on CCD photometry
with UBVRI data performed by Sagar & Cannon (1997).
We refer the reader to the very recent study of Aidelman
et al. (2018) for a complete compilation of the parameters
of the cluster determined by different authors, using different
data and techniques.
2.7 NGC 6178
Despite being easily seen in the DSS image, NGC 6178 is a
poorly studied open cluster as shown by the number of the
published results compiled in Table 1.
At optical wavelengths, the first study was carried out
by Moffat & Vogt (1973) who estimated E(B−V) = 0.24 and a
distance of 910 pc using UBV photoelectric data of 19 stars.
Piatti et al. (2000) using BVI CCD data estimated a similar
E(B − V) but a distance of 1300 pc with age logt = 7.60yr.
K13 using 2MASS data obtained E(B−V) ≈ 0.24 and distance
1100 pc and logt = 7.510 yr. It is interesting to highlight the
study of Rastorguev et al. (1999) which estimated a closer
distance of 880 pc by statistical parallax.
In this work we present for the first time UBVRI CCD
data of the stars in the field of NGC 6178.
The fundamental parameters published in the literature
for the clusters discussed above are summarized in Table 1.
3 UBVRI DATA
3.1 Observations and data reduction
The observations were carried out using the B&C 0.6m tele-
scope at Pico dos Dias Observatory (LNA-Brazil) on the
nights of July 05, 06 and 07 2013 under photometric condi-
tions. The main detector of the survey was a SITe 1024×1024
back-illuminated CCD with the plate scale of 0.6 arcsec pixel
−1, and the square field of ten arcminutes approximately
and a Johnson-Cousins UBVRI filter set was employed. The
setup, configurations and observational strategy follow the
procedures described in (Caetano et al. 2015) (Paper I) and
(Monteiro et al. 2017) (Paper II). All images were collected
in photometric stable conditions with seeing stable at 1.5
arcsec.
We used the pipeline developed by our group to perform
the standard data reduction process. In this run sky flats
were also obtained. We refer the reader to the Paper I for a
complete description since the same procedure was applied
in this work.
The instrumental magnitudes were determined by the
point spread function (PSF) method using the software
STARFINDER (Diolaiti et al. 2000)2, executed automati-
cally in the pipeline.
At the end of the process, the equatorial coordinates
obtained for each detected object allow us to cross-match
the stars in each UBVRI filter.
3.2 Transformation to the standard system
Relations between the instrumental magnitudes and the
magnitudes in the standard system were taken to be of the
form of Eqs. 1.
u = U + u1 + u2X + u3(U − B) (1)
b = B + b1 + b2X + b3(B − V) (2)
v = V + v1 + v2X + v3(B − V) (3)
r = R + r1 + r2X + r3(V − R) (4)
i = I + i1 + i2X + i3(V − I) (5)
where upper case letters represent the magnitudes and colors
in the standard system and lower case letters were adopted
for the instrumental ones and X is the airmass. The coeffi-
cient values are reported in an online Table available at the
web-site of the project3.
The best fit was obtained by a global optimization pro-
cedure minimizing the differences between the magnitudes
of the observed standard stars and the cataloged values from
Clem & Landolt (2013). The final values of the coefficients
are given by the mean of the results of one hundred runs us-
ing typically hundreds of stars. The standard deviation was
used to represent the errors of the coefficients. In this pro-
cess the used parameter space limits were selected from the
values of typical coefficients for the site of the OPD obser-
vatory assuming a range of ±10% to accommodate different
kinds of variations and errors. The rms of the fits for the
each night is typically lower than 0.03 in each filter.
The observed standard fields were TPheB, TPheG,
SA110, WD1056-384, WD1153-484, LSE44, LSE259,
MCT2019-4339, JL82, JL163, which amounts to hundreds
of standard stars observed at different airmasses throughout
each night.
For each studied cluster we give the catalog of calibrated
data which includes our UBVRI photometry and error es-
timates, equatorial coordinates, proper motion and JHKs
magnitudes, where the last two data were obtained from
UCAC5 (Zacharias et al. 2017) and 2MASS catalog, respec-
tively. The data provided in electronic tables and interesting
plots as the residual of the fit to the standard stars and the
errors as a function of the magnitude of all observed stars
are given in the web-site of the project and vizier.
3.3 Membership determination from UBVRI data
and UCAC5 proper motions
The fundamental assumption made in the membership de-
terminations is that the members of a cluster are at the same
distance, have the same spatial velocity, age and chemical
composition due to being formed at the same time in the
2 http://www.bo.astro.it/~{}giangi/StarFinder/index.htm
3 https://wilton.unifei.edu.br/OPDSurvey.html
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Table 1. Parameters obtained for the investigated clusters. In the columns two to six are given the parameters estimated in this work. In
columns seven, eight and nine previously published values are shown. In the first line of each cluster are given the parameters estimated
from observed UBVRI data and in the last line the parameters estimated from Gaia data. The reference codes are detailed in the end of
table together with the information of the filters used in the determined parameters.
This work Literature
Cluster E(B −V ) Distance Log(Age) Z Rv E(B −V ) Distance Log(Age) Ref.
Collinder 307 0.65 ± 0.05 1365 ± 148 8.65 ± 0.12 0.008 ± 0.007 3.04 ± 0.08 0.67 ± 0.04 1341 ± 155 8.50 ± 0.17 II
1.17 ± 0.08 2065 ± 227 7.25 ± 0.11 K13
0.83 ± 0.03 1551 ± 107 8.40 ± 0.05 B11
0.24 ± 0.10 1300 ± 227 8.40 ± 0.09 N
Collinder 307 0.84 ± 0.24 1819 ± 497 8.23 ± 0.61 0.021 ± 0.006 3.24 ± 0.41
Dias 4 0.36 ± 0.04 1342 ± 63 9.00 ± 0.11 0.018 ± 0.005 3.09 ± 0.06 0.60 2150 ± 100 9.10 T09
0.58 ± 0.04 2155 ± 237 9.26 ± 0.04 K13
Dias 4a 0.35 ± 0.01 1807 ± 118 8.72 ± 0.05 0.021 ± 0.006 3.51 ± 0.30
Dias 4b 0.29 ± 0.01 1787 ± 46 7.53 ± 0.08 0.023 ± 0.003 4.00 ± 0.05
Dias 6 0.75 ± 0.04 2698 ± 220 8.90 ± 0.08 0.018 ± 0.008 2.82 ± 0.02 0.91 2190± 8.70 BB
0.91 1580 ± 70 8.78 T08
0.90 ± 0.06 1916 ± 211 8.60 ± 0.04 K13
Dias 6 0.88 ± 0.03 2627 ± 182 9.02 ± 0.04 0.024 ± 0.006 2.05 ± 0.09
IC 4651 0.05 ± 0.04 965 ± 45 9.25 ± 0.05 0.025 ± 0.006 2.85 ± 0.06 0.15 794 C
0.12 1150 8.78 D
0.086 926 9.38 A
0.13 ± 0.02 790 ± 60 9.36 B
0.10 1010 ± 50 9.23 ± 0.04 E
0.09 1072 9.23 ± 0.03 TW
0.12 ± 0.01 888 ± 98 9.25 ± 0.11 K13
0.15 ± 0.03 1004 ± 59 9.15 ± 0.05 B11
IC 4651 0.06 ± 0.02 920 ± 29 9.31 ± 0.06 0.025 ± 0.007 2.90 ± 0.42
NGC 5138 0.18 ± 0.03 1422 ± 156 8.10 ± 0.16 0.018 ± 0.004 2.84 ± 0.06 0.27 1450 8.70 D
0.25 ± 0.02 1800 ± 180 7.72 F
0.31 ± 0.02 1819 ± 200 7.55 ± 0.11 K13
NGC 5138 0.20 ± 0.02 1857 ± 95 8.18 ± 0.17 0.027 ± 0.004 3.97 ± 0.04
NGC 6087 0.21 ± 0.03 1009 ± 97 7.75 ± 0.25 0.014 ± 0.004 2.95 ± 0.10 0.22 759 ± 10 7.30 I
0.20 912 ± 10 7.30 J
0.20 ± 0.01 871 L
0.18 ± 0.01 832 ± 10 M
0.19 ± 0.01 903 ± 11 K
0.22 ± 0.03 960 ± 130 7.81 G
0.13 ± 0.03 851 ± 10 H
0.27 ± 0.02 889 ± 98 7.95 ± 0.11 K13
0.35 ± 0.03 629 ± 54 7.74 Q
NGC 6087 0.20 ± 0.02 913 ± 64 7.84 ± 0.13 0.017 ± 0.006 3.87 ± 0.13
NGC 6178 0.20 ± 0.01 893 ± 105 7.85 ± 0.44 0.018 ± 0.007 3.19 ± 0.02 0.24 910 O
0.20 ± 0.05 1259 ± 11 7.67 P
0.24 ± 0.02 1011 ± 111 7.51 ± 0.11 K13
NGC 6178 0.24 ± 0.02 817 ± 108 7.30 ± 0.16 0.018 ± 0.007 3.84 ± 0.20
A = Anthony-Twarog et al. (1988) The E(B-V) and distance were based on uvby photometry. The age was estimated using CCD and photographic B and V filters.
B = Kjeldsen & Frandsen (1991). Based on UBV CCD photometry.
C = Eggen (1971). Based on UBV photoeletric photometry.
D = Lindoff (1972). Based on UBV photoeletric photometry.
E = Meibom et al. (2002). Based on CCD Stromgren photometry.
F = Claria´ (1980). Based on UBV photoeletric photometry and DDO photometry.
G = Sagar & Cannon (1997). Based on UBVRI CCD photometry.
H = An et al. (2007). Based on BVI CCD photometry and JHKs data from 2MASS catalog.
I = Fernie (1961). Based on UBV photoeletric photometry.
J = Landolt (1964). Based on BV photoeletric and photographic photometry.
K = Turner (1986). Based on UBV photoeletric photometry.
L = Breger (1966). Based on UBV Photoelectric photometry.
M = Schmidt (1980). Used V photoeletric, Stromgren b and y photometry, Washington m and c1 and Hβ.
N = Carraro et al. (2006). Based on VI CCD photometry.
O = Moffat & Vogt (1973). Based on UBV photoeletric photometry.
P = Piatti et al. (2000). Based on BVI CCD photometry.
K13 = Kharchenko et al. (2013). Based on data from 2MASS catalog.
B11 = Bukowiecki et al. (2011). Based on data from 2MASS catalog.
T08 = Tadross (2008). Based on data from 2MASS catalog.
T09 = Tadross (2009). Based on data from 2MASS catalog.
BB = Bica et al. (2004). Based on data from 2MASS catalog.
TW = Anthony-Twarog & Twarog (2000). Based on uvbyHβ CCD photometry
II = Monteiro et al. (2017). Based on UBVRI CCD photometry.
Q = Aidelman et al. (2018). Based on low-resolution spectra of B-type stars.
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same environment. The assumption implies common proper
motions, radial velocity, and apparent cluster sequence in the
color-magnitude diagram. Given that, the astrometric data
(parallaxes and proper motions) and radial velocity are im-
portant constraints that help to separate the population of
the open cluster and field stars which are always present.
The membership determination is intended to minimize
the subjectivity in the selection of stars and to improve the
isochrone fitting procedure since it can maximize the con-
trast of cluster features in relation to the field stars in a
given CMD.
In Dias et al. (2012) our group presented a non paramet-
ric technique to estimate the membership of stars in the field
of the open clusters from photometric data. It was improved
by Monteiro et al. (2017) with the update of the code for
performing isochrone fits based on the cross-entropy global
optimization algorithm 4.
In this work we used the same procedures defined in Pa-
per II to determine the membership of the stars in the field
of each studied clusters. The membership considers, for each
star, the position in the field, the spatial star density in that
position and the star density in the multidimensional mag-
nitude space, taking into account the photometric errors in
each filter. The procedure works essentially as a multivariate
kernel density estimate and we define the value obtained in
this way for each star as its photometric membership Pph.
We also determined the membership of the stars in the
region of each cluster using proper motion data from UCAC5
catalog (Zacharias et al. 2017). The method described below
is the same we used in Dias et al. (2014) (hereafter D14) and
Dias et al. (2018).
The model considers that the distribution of proper mo-
tions of the stars in a cluster’s region can be represented
by two elliptical bivariate Gaussians following Zhao & He
(1990), including the proper motion’s errors in the frequency
function. The expressions used are presented in Eq.6 and
Eq.7. The notation is c and f subscripts for cluster and field
parameters, respectively, x for the coordinate µα cos δ, and
y for the coordinate µδ . Φ = Φc +Φ f is the total probability
distribution, (µx,c, µy,c) are the averages of the cluster dis-
tribution with standard deviations σx,c and σy,c , (µx, f , µy, f )
are the averages of the field distribution with standard de-
viations σx, f and σy, f , and ρc and ρ f are the correlation
coefficients of cluster and field stars. The values (µx, µy) are
the component of the proper motion of each star, and i is
the formal error in proper motion given by the catalog.
Φc(µx, µy) = nc
2pi
√
σ2x,c + 
2
i
√
σ2y,c + 
2
i
√
1 − ρ2c
.. (6)
..X exp{− 1
2(1 − ρ2c)
[ (µx − µx,c)
2
σ2x,c + 
2
i
..
+..
(µy − µy,c)2
σ2y,c + 
2
i
− 2ρc( µx − µx,c√
σ2x,c + 
2
i
)( µy − µy,c√
σ2y,c + 
2
i
)]} ,
4 The source code is available at https://github.com/
hektor-monteiro/OC_CEfit/releases
Φ f (µx, µy) = 1 − nc
2pi
√
σ2
x, f
+ 2
i
√
σ2
y, f
+ 2
i
√
1 − ρ2
f
.. (7)
..X exp{− 1
2(1 − ρ2
f
) [
(µx − µx, f )2
σ2
x, f
+ 2
i
..
+..
(µy − µy, f )2
σ2
y, f
+ 2
i
− 2ρ f (
µx − µx, f√
σ2
x, f
+ 2
i
)( µy − µy, f√
σ2
y, f
+ 2
i
)]}
The probability density function for the whole sample
is simply given by Eq.8, where nc and n f are the number of
cluster and field stars (non-members), respectively, normal-
ized with respect to the total number of stars in the field.
Φ(µx, µy) = ncΦc(µx, µy) + n fΦ f (µx, µy) (8)
With the frequency function parameters we determined
the individual probability of the membership of each ith-
star in the cluster by Pi = Φci /Φi . Hereafter we call this
membership probability as Pµ.
In Table 2 we present the parameters provided by the
method described below, with the mean proper motions of
the clusters (µα cos δ = µx,c , µδ = µy,c and standard devia-
tions σ) and the number of cluster members estimated. The
two-dimensional obtained Gaussian fit to the population of
field stars and the number of field stars, the orientation an-
gle of the minor axis of elliptical field star proper motion
distribution are also given. In the second column of Table
2 the radius (centered on the coordinates of the cluster ob-
tained from DAML02) used to extract the stars from the
UCAC5 catalog is given.
As the photometric membership (Pph) and membership
from proper motions (Pµ) are independent of each other we
derived a combined probability P as the mean of Pph and Pµ.
In this work we consider the stars with P ≥ 51% as members
of the cluster. We use P to weight the isochrone fit in our
code. For each cluster, a table with the value of P is given
in electronic format in the web-site of the project.
4 GAIA DR2 DATA
In this work we also use Gaia DR2 catalog that presents all
sky astrometric and photometric data with unprecedented
precision for more than one billion objects with Gmag less
than 21. All details of the catalog as well as instructions
on its correct use are provided in Gaia Collaboration et al.
(2018b) and Luri et al. (2018).
We searched for Gaia DR2 stars in the sky area of the
selected clusters, using the central coordinates and the ap-
parent diameters taken from the DAML02 Catalog. To in-
clude virtually all possible members of the studied clusters,
we opted to use radius 2 arcmin bigger than those provided
by DAML02 catalog. In Table 3 we give the radius used for
each cluster to extract the Gaia DR2 data.
A direct consequence of the quality of the Gaia DR2 as-
trometric data is the possibility of determining better mem-
bership of stars of the open clusters. In a vector proper mo-
tion diagram (VPD) of stars in a region of a open cluster,
MNRAS 000, 1–16 (2017)
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Table 2. Results of mean proper motion and dispersion obtained using the UCAC5 stellar proper motion. The meaning of the symbols
are as follows: R is the radius (in arcmin) used for each cluster to extract the UCAC5 data, centered on the coordinates of the cluster
obtained from DAML02. Nc is the number of cluster stars; N f is the number of field stars; µαcosδ and µδ are the proper motion
components in mas yr−1; σ is the dispersion of cluster stars’ proper motions; σµαcosδ and σµδ are the dispersions of the components
of the field stars’ proper motions; ρ is the orientation angle of the minor axis of the elliptic proper motion distribution.
Cluster Field
cluster R Nc µαcosδ σµαcosδ µδ σµδ ρc N f µαcosδ σµαcosδ µδ σµδ ρ f
Collinder 307 4.00 196 -1.86 0.24 -3.77 0.14 0.15 82 -6.16 6.66 -8.25 6.41 0.31
Dias 4 4.70 155 -5.70 1.09 -2.21 0.10 0.01 75 -9.36 7.95 -5.57 6.08 0.18
Dias 6 4.50 175 0.80 0.66 -1.79 1.32 0.18 41 -1.19 4.55 -3.12 6.57 -0.23
IC 4651 6.50 552 -2.49 0.76 -5.15 0.13 0.08 253 -1.83 5.68 -4.91 5.92 0.17
NGC 5138 5.00 351 -5.92 2.73 -2.09 1.12 -0.02 124 -9.50 10.01 -3.60 8.67 0.11
NGC 6087 8.50 972 -2.85 2.25 -4.38 2.15 0.27 241 -4.43 7.24 -6.83 8.92 0.00
NGC 6178 4.00 287 -1.19 0.93 -3.03 1.50 0.00 94 -4.38 6.67 -5.87 9.35 0.04
using Gaia data, it is usually possible to see clearly the ex-
pected clump which is due to the stars of the cluster present-
ing the same spatial velocity, that is, similar proper motion,
parallax and radial velocity. This precision of the astromet-
ric data not only allows a better distinction of the cluster in
the VPD, but also opens new windows in the analysis and
interpretation of the stars in cluster fields, as presented for
the case of the open cluster Dias 4 discussed in the Sec. 5.
4.1 Membership determination from Gaia DR2
astrometric data
From the statistical point of view, the clustering of the stars
in space comes together with clustering in the data space
of proper motion plus parallax. Therefore, the closer a given
star is to the density peak in that space, the higher the prob-
ability of the star being a member. In the space formed by
the proper motion and parallax (µαcosδ, µδ , $), the prob-
lem can be formulated as a maximum likelihood one, based
on the assumption of normally distributed uncertainties in
proper motion and parallax as given in the equation 9 below.
f (X) =
exp
(
− 12 (X − µ)TΣ−1(X − µ)
)
√
(2pi)k |Σ |
(9)
where X is the column vector (µαcosδ, µδ , $) com-
posed of the proper motion components and the parallax, µ
the mean column vector and |Σ | is the full covariance ma-
trix which incorporates all uncertainties (σ) and their cor-
relations (ρ) given in the Gaia DR2 catalog as given in the
equation 10.
Σ =

σ2µα∗ σµα∗σµδ ρµα∗µδ σµα∗σ$ ρµα∗$
σµα∗σµδ ρµα∗µδ σ2µδ σµδσ$ ρµδ$
σµα∗σ$ ρµα∗$ σµδσ$ ρµδ$ σ2$
 ,
(10)
where µα∗ = µαcosδ.
Since the proper motion and parallaxes were determined
from a simultaneous five-parameter fit of an astrometric
source model to the data, they present an uncertainty de-
rived from the formal errors and correlation coefficients be-
tween the estimated parameters. So, as described in Luri
et al. (2018) the estimated model parameters have to take
into account the uncertainty of the measurements as well
as their correlations. We follow the recommendations given
by Luri et al. (2018) using the diagonal elements (the stan-
dard uncertainties) and the off-diagonal elements (the cor-
relations between the uncertainties) in the model given by
the Eq. 9.
In Table 3 we present the mean astrometric parameters
determined from the method described in this Section. A
table available at the web-site of the project gives the value
of P for each star in the field of the cluster.
5 ISOCHRONE FIT USING THE
CROSS-ENTROPY METHOD
After determining the membership probabilities from the as-
trometric data we applied the cross-entropy (CE) method to
fit the theoretical isochrones to the multidimensional color-
magnitude diagrams.
Basically, the CE method, which has been described in
detail in our previous papers, involves an iterative statistical
procedure where the following is done in each iteration:
• random generation of the initial sample of fit parame-
ters, respecting predefined criteria;
• selection of the best candidates based on calculated
weighted likelihood values;
• generation of random fit parameter sample derived from
a new distribution based on the previous step;
• repeat until convergence or stopping criteria reached.
The code uses the tabulated isochrones from Bressan
et al. (2012) and search for the solutions in the parameter
space defined as follows:
• age: from log(age) =6.60 to log(age) =10.15;
• distance: from 1 to 10 000 parsecs;
• E(B − V): from 0.0 to 3.0;
• Metallicity (Z): from 0.001 to 0.30 dex with steps of
Z = 0.05 dex.
• Rv : from 2.8 to 3.2
In Table 4 we present the structural cluster parameters
used in the isochrone fit applied to the observations data.
The equatorial coordinates αc and δc used as center coor-
dinates of the cluster in the observed field were obtained as
the point where the density distribution peaks. The charac-
teristic cluster radius (Rc) used was calculated based on the
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Table 3. Mean astrometric parameters from Gaia DR2 data. R is the radius used for each cluster to extract the Gaia DR2 data, centered
on the coordinates RA and DEC.
Cluster RA DEC R $ µαcosδ µδ Nc
deg deg arcmin mas mas yr−1 mas yr−1
Collinder 307 248.807175 -51.019264 4.5 0.505 ± 0.033 −0.778 ± 0.040 −3.319 ± 0.030 484
Dias 4 205.887393 -63.040776 5.2 0.528 ± 0.023 −4.428 ± 0.048 −2.315 ± 0.096 200
Dias 6 277.611861 -12.329109 5.0 0.321 ± 0.050 0.478 ± 0.015 −0.573 ± 0.020 953
IC 4651 261.050536 -49.964520 7.0 1.062 ± 0.047 −2.406 ± 0.021 −5.031 ± 0.029 814
NGC 5138 201.881011 -59.032486 5.5 0.518 ± 0.049 −3.550 ± 0.015 −1.402 ± 0.005 867
NGC 6087 244.559239 -58.036557 9.0 1.018 ± 0.048 −1.535 ± 0.054 −2.387 ± 0.024 1180
NGC 6178 248.874097 -45.593121 4.5 1.112 ± 0.050 0.536 ± 1.147 −3.272 ± 0.437 380
the standard deviation of all the distances between stars in
the sample and the center coordinate αc and δc . The den-
sity distribution of stars (ρ) is obtained from the α and δ
coordinates using a Gaussian kernel. The kernel used has
a standard deviation determined using the standard devia-
tion of the measured distances between stars in the sample
and applying the well known Silverman’s rule, such that
SIG PIX ≈ 1.06σN−1/5, where σ is the standard deviation
of distances and N is the number of stars in the sample.
We use the characteristic cluster radius at 1σ. The other
tunning parameters of the method are adopted as described
in detail in Monteiro et al. (2017) and references therein.
For the clusters Dias 6, NGC 6087 and NGC 6178 we opted
to use the cluster region defined by an iso-density limit ob-
tained from the density map. The density limit is defined as
the density value 1σ above the mean field density.
To determine the final fundamental parameter errors
through Monte-Carlo technique we perform the fit for each
data set fifty times, each time re-sampling from the original
data set with replacement, to perform a bootstrap proce-
dure. The isochrones are also re-generated in each run from
the adopted IMF and binary fraction of 50% as described in
Paper I and Paper II, and in Monteiro & Dias (2011). The
final uncertainties in each fundamental parameter are then
adopted to be the standard deviation of the results of all
runs.
In the case of the UBVRI photometry, we follow the
traditional route of first estimating the reddening through
the (U−B)versus(B−V) diagram. In the following steps, where
all parameters are allowed to vary, the procedure constrains
the reddening parameter E(B−V) to be within ±10% of this
initial estimate.
In this work we include the binary fraction as a free pa-
rameter for the fits using Gaia data. The fits also adopt the
same reddening law from Cardelli et al. (1989) as used in our
previous works. The parameter E(B − V) and RV are deter-
mined directly from the fits since they are free parameters.
The A(λ) for each Gaia filter, which is related to E(B−V) and
RV is obtained from the relations of Cardelli et al. (1989).
For the Gaia DR2 data the CE method to fit the theo-
retical isochrones uses the same model sets and procedures.
However, due to the high precision membership determina-
tion possible, there is no need for photometric membership
estimation and therefore only the astrometric memberships
are used. We have also left the binary fraction in the cluster
as free parameter. Given the high precision of the Gaia data
we also have considered the photometric errors in the likeli-
hood function used in the fits at the 3σ level to improve the
convergence speed of the code.
Table 4. Cluster structural parameters used in the isochrone fit.
The first two columns (after the cluster identification) give the
central coordinates used in J2000.0. The following columns give
the characteristic cluster radius (Rc) in arcminutes, which is cal-
culated based on the distribution of distances of each sample star
to the cluster center and the width (SIG PIX) of the Gaussian
kernel used in the star density distribution determination. The
clusters marked with an asterisk had their boundaries determined
from the density distribution (ρ) given in the last column and not
the estimated characteristic radius listed.
Cluster RA DEC Rc SIG PIX ρ
Collinder 307 248.833 -51.0000 2.0 0.6 13.8
Dias 4 * 205.788 -63.0499 2.5 0.6 10.4
Dias 6 * 277.612 -12.3291 1.7 0.6 12.0
IC 4651 261.208 -49.9390 5.0 0.6 23.4
NGC 5138 201.733 -59.0594 3.5 0.6 14.2
NGC 6087 * 244.629 -57.9645 5.0 0.7 20.0
NGC 6178 * 248.892 -45.6447 4.0 0.6 17.6
The final fit results obtained for each cluster are pre-
sented in Table 4 and in Figures 1 to 7. For all clusters but
Dias 4 and Dias 6 the final results were obtained using the
mean of Pph and Pµ when using UBVRI data. For Dias 4
and Dias 6 we used P = Pph as discussed in the next section.
The memberships used for the Gaia data were obtained as
described in Sec. 4.1.
6 THE COLOR-MAGNITUDE DIAGRAMS
The results as well the membership analysis obtained for
each individual cluster are discussed in more detail below.
All data and the memberships used in the isochrone fits pre-
sented in this work are available electronically in our survey
website5.
6.1 Collinder 307
Figure 1 shows the CMDs of the observed stars with a clear
MS extended from V ≈ 12 to 18. However, it is not clear in
panel 1 if the TO is at V ≈ 12 or V ≈ 14. The MS is wide
due the field contamination as well as due to the increase in
photometric errors down to V ≈ 15.
In the same Figure 1 we show the CMDs comparing
the results obtained using Pph and the mean of Pph and
Pµ to determine the final membership. Note that using the
5 https://wilton.unifei.edu.br/OPDSurvey.html
MNRAS 000, 1–16 (2017)
8 Dias, W. S., et. al.
0.0 0.5 1.0 1.5 2.0 2.5 3.0
B-V
12
14
16
18
V
Collinder 307
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Pphot
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Pphot+Pkin(UCAC5)
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
BPmag - RPmag
Gm
ag
Gaia DR2 data
Figure 1. Color-magnitude diagram of the Collinder 307. From the left to the right, panel 1 presents the observed stars with no
membership determination. Panel 2 presents the same stars but with membership estimated by the Pph . Panel 3 presents the stars
identified in the UCAC5 catalog which received membership considering Pph and Pµ . Panel 4 presents only data from the Gaia DR2
catalog. The memberships were determined from astrometric data (parallax and proper motion) considering the errors and correlations
following the Equation 9. See the text for details. The data and a complete set of plots, including the color-color diagram, are available
at the web-site of the project https://wilton.unifei.edu.br/OPDSURVEY/Collinder307-13jul07.html
membership by Pph the possible TO in V ≈ 14 is discarded
since the stars with V between 14 and 15 and (B − V) be-
tween 1.0 and 1.3 received low Pph. In the middle panel
Pph+Pµ(UCAC5) the members determined by Pph and Pµ
contribute to decontaminate the CMD and to define this
feature of the cluster. The final results of the isochrone
fit by the CE presented in the middle panels Pph and
Pph+Pµ(UCAC5) do not show statistically significant dif-
ferences, but we obtained smaller uncertainties using final P
as the mean of Pph and Pµ.
Our team published the first CCD UBVRI data for the
stars in the region of Collinder 307 in Monteiro et al. (2017).
The estimated parameters, guided by Pph, reproduced in
Table 1 put the cluster at about 1100 pc and age of logt =
8.60 yr. In this work the cluster was used as control object
since we include extra steps in constraining the membership
probabilities.
As presented in Table 1, the distance of 1308 pc and
logt = 8.65 yr obtained in this work agree very well with
the one previously obtained in Monteiro et al. (2017) and the
parameters determined by Carraro et al. (2006). Note that
our E(B-V) is estimated using all of the UBVRI photometry
after an initial estimate by the color-color (U-B)versus(B-V)
diagram while Carraro et al. (2006) used V and I filters.
In the Figure 1 we also present the results obtained from
the Gaia DR2 data. The memberships determined from the
stellar parallaxes and proper motions by the Eq. 9 given in
the Sec. 4 show a clear MS and TO at Gmag ≈ 13. The lower
scattering of the data in the MS is visible due to the low
uncertainty of the Gaia photometric data and high definition
in the membership determination. Note that none of the
giant field star (BPmag − RPmag ≥ 2.5) was selected as high
probability member. The values of the parameters obtained
in our best isochrone fit are presented in Table 1. The results
from UBVRI and Gaia data agree well within the errors,
indicating that Collinder 307 is a intermediate age cluster
with a binary fraction of (40±10)% situated inside the Carina
spiral arm.
6.2 Dias 4
Figure 2 shows the CMD of the observed stars in a region of
10 arcmin centered in the coordinates of the cluster Dias 4,
published in DAML02. It exhibits a wide MS and no obvious
TO location.
The results of membership estimation using the photo-
metric data Pph performed by our code is given in the middle
panel of the Figure 2. It eliminates most of the bright stars
since they have positions outside of the adopted iso-density
of 10.4 stars/arcmin2 for this cluster. However, one bright
star, TYC 9008-3894-1, remains with high Pph membership
probability. On the other hand, allowing this bright star as
member in the final data to be fitted would imply a large
gap in the MS between V magnitudes of 11 and 12. Since
such gaps are very unlikely given what is known of stellar
evolution, we set Pph = 0 for it. This interpretation is con-
firmed by the members estimated by the mean of Pph and
Pµ presented in the right panel of the Figure 2. In this par-
ticular case, the membership estimated using Pph and Pµ
is limited because a small part of the MS is sampled. Also,
for magnitudes above V ≈ 14 there is high field star contam-
ination which, coupled with the fact that it is a region of
greater photometric and kinematic errors, leads to uncertain
membership probabilities. For Dias 4 the poor membership
estimated implies in results with greater uncertainties.
The parameters obtained using CCD UBVRI photom-
etry agree with the fit weighted by the Pph and the mean of
Pph and Pµ, but we opted for the values given by the Pph due
to better memberships estimated and smaller final errors in
the distance and age. The intermediate age is in agreement
with K13 but our results indicate that the cluster should be
much closer at about 1300 pc.
The lack of definition presented in the UBVRI photom-
etry was resolved when we inspected the Gaia DR2 data.
However in the process of studying this supposed cluster we
have discovered that the field around this position has not
one but two clusters. The first indication was given when we
extracted the same field from the Gaia DR2 release as ob-
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Figure 2. Same as Figure 3, but for Dias 4. The data and a set of plots, including the color-color diagram, are available at the web-site
of the project https://wilton.unifei.edu.br/OPDSURVEY/Dias4-13jul05.html
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Figure 3. The (µαcosδ, µδ , $) data in a field of 20 arcmin
radius around the center of the Dias 4 coordinates showing the
two distinct density enhancements detected.
served in the UBVRI. Our code determined the membership
as described previously and the isochrone was fit but the re-
sult we obtained gave a much younger age. This prompted
us to investigate the field in more detail, which we did using
the software Topcat (Taylor 2005). Upon analyzing a larger
20 arcmin field around the Dias 4 central position we found
that indeed there were two density clumps in the (µαcosδ,
µδ , $) data space as can be seen in Fig. 3.
Using Topcat we selected the stars belonging to these
two clumps and inspected their distribution in the field. As
shown in Fig. 4, there are two clear star density enhance-
ments in position as well as the proper motion and parallax
mentioned previously.
With the two distributions in space defined we ob-
tained their center coordinates and estimated radius and
used those as input to obtain two distinct fields from the
Gaia DR2 data. These fields with slightly different centers
from the original one of Dias 4 were analyzed and fitted by
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Figure 4. The position distribution of the two (µαcosδ, µδ , $)
data density peaks showing the resulting two distinct spatial den-
sity enhancements.
our isochrone fit code. In Fig. 5 and Tab. 1 we show the
results of the isochrone fits for the two distinct regions. The
fits show very clearly two distinct clusters with clear main
sequences of distinct ages, one older than the other. The
two clusters are at about the same distance, roughly same
metallicity and reddening.
The inspection in the literature including the clusters
recently discovered by Cantat-Gaudin et al. (2018) and
Castro-Ginard et al. (2018) using Gaia DR2 catalog revealed
that Dias 4a and Dias 4b were not previously detected star
clusters.
6.3 Dias 6
Figure 6 presents in the left panel the CMD of the observed
stars with a clear MS ranging from V ≈ 14 to 18, the TO
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Figure 5. Isochrone fit results to the Gaia DR2 data for the two new Clusters Dias 4a and 4b.
at V ≈ 14.5 and a clump of stars (red giants) at V ≈ 15,
(B − V) ≈ 2.0.
The scattering in the CMD probably occurs due to both
the field stars contamination and the increase in photometric
errors for V ≥ 15.
In the Pph and Pph+Pµ(UCAC5) panels of the Figure
6 we present the same data weighted by the Pph and the
mean of Pph and Pµ. As commented in Table 4 we used
iso-density of 12.0 stars/arcmin2 to select the most probable
member stars. However some bright blue stars received high
Pph due to their position close to the determined cluster
center.
Weighing the data by Pph and Pµ makes the MS and
the location of the TO of the cluster in the CMD less clear,
mainly due to photometric and proper motions errors for
stars with V ≥ 15. The best isochrone fit performed with
these data agrees within 1σ with the results obtained us-
ing Pph but it is more uncertain due the factors mentioned
above. As final results given in Table 1 we opted for the fit
weighted by the Pph since it maintains the cluster feature
in the CMD more reliably and because it presents smaller
errors.
In the right panel of the Figure 6 we present the Gaia
DR2 data with the membership determined from the paral-
laxes and proper motions of the stars as detailed in the Sec.
4. Note that the Gaia data and the membership determi-
nation better define the giants stars which impose greater
constraint to age determination by isochrone fit. The final
result obtained by the CE method is given in the Tab 1. It is
very interesting the agreement between the results obtained
with the UBVRI and Gaia data which we also attribute in
part to the performance of the non-subjective CE method
used in the isochrone fit.
We point out the value of E(B-V) obtained by the UB-
VRI data is probably underestimated due to the contamina-
tion of bright blue stars which received high Pph. However,
the results confirm the values obtained by Dias et al. (2012)
using preliminary UBV data, and shows that Dias 6 is an
intermediate age cluster with a binary fraction of (58 ± 8)%
located at about 2700 pc, unlike the values estimated in the
literature based on 2MASS data only.
6.4 IC 4651
The CMD presented in Figure 7 is easy to interpret because
it displays a clear MS between V ≈ 12 and 15 and TO at
V ≈ 12. The field contamination is most evident at V ≥ 16.
In the middle panels of the Figure 7 we present the CMD
with the best isochrone fit obtained by the photometric data
weighted by Pph and by the mean of Pph and Pµ respectively.
In this analysis we opted to use only the stars with V ≤
16.0 and (B − V) ≤ 1.15 to exclude field stars that received
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Figure 6. Same as Figure 3, but for Dias 6. The data and a complete set of plots, including the color-color diagram, are available at
the web-site of the project https://wilton.unifei.edu.br/OPDSURVEY/Dias6-13jul06.html
high P values in our method. In this way we avoid greater
bias in the distance estimates due to the contribution of
distant field stars at V ≥ 16.0 and in the age due giants at
different distances and with different color excesses. There is
no statistical differences between the results obtained using
Pph and Pph and Pµ weighing the isochrone fit but we opted
to use the results with smaller errors.
As the cluster is well studied it was possible to compare
our Pph and Pµ membership with those determined from ra-
dial velocities for 6 stars in common with Mermilliod (1995)
and 78 stars in common with Meibom et al. (2002) with V
mags ranging between 10 and 14. All membership probabili-
ties we estimate agree with those from Mermilliod (1995). In
the comparison with Meibom et al. (2002), only 7 member
stars (P ≥ 51%) were misclassified by our method.
The best isochrone fit obtained by our code presented
in Table 1 and Figure 7 was based on 175 stars with P ≥ 51%
determined by Pph and Pµ. Our values show good agreement
with those published, in particular with more recent works
that estimate larger cluster distances of about 1000 pc and
younger age.
The analysis performed with the UBVRI data is sup-
ported by the results obtained with the Gaia DR2 data for
which the results are presented in the right panel of the
Figure 7 and in Table 1. The selected member stars are suf-
ficiently accurate to distinguish a very well defined main se-
quence with a visible binary sequence spread with a fraction
estimated as (50 ± 8%) by our method .
Our final value of the metallicity (Z) parameter ob-
tained from the best isochrone fit is transformed to [Fe/H] =
(0.11 ± 0.13) dex (from UBVRI data) and [Fe/H] = (0.11 ±
0.12) dex (from Gaia data), adopting the same conversion
as considered in the Padova database of stellar evolutionary
tracks and isochrones: [Fe/H] = logZ/Z with Z = 0.0152.
This is in agreement with the value [Fe/H] = (0.11 ± 0.01)
dex published by Carretta et al. (2004) determined from
photometric and spectrometric data for five evolved stars of
the cluster. Considering the uncertainty, our estimate agrees
with the values published in the literature which range from
0.077 to 0.23 dex as compiled by Mikolaitis et al. (2011).
6.5 NGC 5138
In Figure 8 we present the CMD of the observed stars where
the feature of the cluster is clear, with the MS ranging from
11.5 to 17.0 mag. There is a wider spread of the MS between
V = 14 and 16, likely due to the higher photometric and
proper motions errors and also due to the presence of field
stars, which received high membership by our method.
In the middle panels of the Figure 8 we present the
data weighted by Pph and the mean of Pph and Pµ. In the
analysis using Pph we do not use stars with (B − V) ≥ 1.15
and V ≥ 16.0 which are clearly regions with high field star
contamination and our method failed to attribute low mem-
bership. However the method attributed low membership
to the giant stars (B − V ≥ 1.15) at different distances and
reddening taking into account the membership estimated by
the mean of Pph and Pµ. Interestingly, the membership es-
timated by Pph and Pµ excludes a possible interpretation of
the TO in the region of V ≈ 12 and (B − V) ≈ 0.6.
Basically, the analysis using memberships estimated by
Pph and the mean of the Pph and Pµ lead to results that are
very similar but we choose as final results the best isochrone
fit using Pph and Pµ (see Tab. 1), since it was more efficient
in excluding the field stars and providing results with smaller
errors.
In the right panel of the Figure 8 we give the Gaia DR2
data with the membership estimated and the best isochrone
fit determined by our method. The members selected define
a clear MS of the cluster eliminating the stars with (B −
V) ≥ 1.15 and V ≥ 16.0 which our method failed to attribute
low membership using UBVRI observed data. It is a good
example to illustrate the quality of the Gaia data for the
membership determination which allows a reliable isochrone
fit and estimated binary fraction of (40±7)% for the cluster.
The results of the isochrone fit presented in Table 1
obtained from UBVRI and Gaia data are consistent but the
difference in the distances is out of 1σ. The difference is
likely due the wider spread of the MS between V = 14 and
16 in UBVRI data, which could be field stars misclassified
as members.
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Figure 7. Same as Figure 3, but for IC 4651. The data and a complete set of plots, including the color-color diagram, are available at
the web-site of the project https://wilton.unifei.edu.br/OPDSURVEY/IC4651-13jul05.html
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Figure 8. Same as Figure 3, but for NGC 5138. The data and a complete set of plots, including the color-color diagram, are available
at the web-site of the project https://wilton.unifei.edu.br/OPDSURVEY/NGC5138-13jul05.html
6.6 NGC 6087
The CMD of the observed stars presented in the left panel
of the Figure 9 shows a clear open cluster feature with the
MS ranging from V ≈ 8 to 16 and the Cepheid S Nor which
is the brightest observed star.
In our observations, the S Nor was detected in the UBV
filters but not in the R and I filters due to saturation. Even
so, the star received high Pph value in the analysis using
only the photometric data. Surprisingly we found Pµ = 0%
for this star using the proper motion (µα cos δ = 2.0 ± 1.8
and µδ = −46.0± 1.9 in mas yr−1) from the UCAC5 catalog,
which is in disagreement with the Gaia DR2 value (µα cos δ =
−1.415 ± 0.066 and µδ = −2.287 ± 0.056 in mas yr−1).
As different data indicate that S Nor is a real cluster
member of the cluster NGC 6087, in our analysis using UB-
VRI data we set Pkin = 100% for this star, opting to use
Gaia’s proper motion.
In the analysis considering Pph and the mean of Pph
and Pµ we opted to not use stars with (B − V) ≥ 1.15 and
V ≥ 16 to eliminate field stars that our method failed to
filter out in the membership determination. We notice that
approximately the same set of stars was considered as mem-
ber using Pph and Pph and Pµ and the final values obtained
for the fundamental parameters do not differ significantly.
We choose the values obtained by Pph and Pµ as given in
Table 1 and in the Figure 9 as final results which agree,
within the errors, with the published ones.
In the right panel of Figure 9 we present the Gaia DR2
data over-plotted with the best isochronal fit obtained by
our code. The MS of the cluster is evident with the Cepheid
S Nor having high membership probability. The parameters
estimated by the isochrone fit agrees very well with those
obtained using the UBVRI data indicating the cluster NGC
6087 intermediate age one closer than 1kpc from the Sun.
In Table 5 we compile the values of distances related to
the cluster NGC6087 obtained through different methods.
We show values obtained using isochrone fits and average
parallax of members stars with memberships probabilities of
P ≥ 51% and for the S Nor Cepheid using period-luminosity
relation.
Even though the results depend on the prior, the val-
ues are consistent and in general agree within 1 σ level.
These results provide an independent check of the distance
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Table 5. Comparison of the distances of NGC 6087 obtained
from different methods and data. In the column 1 is given the
code referring to the method used. Column 2 shows the origin of
the data used. In column 3 are given the distance and the un-
certainty. In the columns 4 and 5 are given the lower and upper
bounds of the about 68% confidence interval. In the last column
are given the objects used in the distance estimation. We consider
member stars those with P ≥ 51%. The distances obtained from
parallaxes were estimated by the procedure published by Bailer-
Jones et al. (2018) using a distance prior that varies smoothly as a
function of Galactic longitude and latitude according to a Galaxy
chemo-dynamical model, including extinction. The standard er-
rors provided in the distance from parallaxes were estimated con-
sidering the same prior as symmetric the calculated the 5th and
95th percentile confidence intervals. The uncertainties were cal-
culated using σ = r95 − r5/(2x1.645), which is equivalent to 1σ
Gaussian uncertainty.
method data used distance (pc) r5(%) r95(%) object
2 Gaia 913 ± 64 members
2 UBVRI 1009 ± 97 members
1 Gaia 986 ± 47 918 1074 members
1 Gaia 944 ± 42 882 1022 Snor
1* Gaia 919 ± 22 884 956 Snor
1* Gaia 1015 ± 50 943 1109 members
3 - 814 ± 23 Snor
method 1 = distance estimated from parallax; method 2 = isochrone fit;
method 3 = value obtained from period-luminosity relation from Groenewegen
(2013). The methods with flag (*) were corrected from zero point parallax of
−0.029 mas.
estimated by our isochrone fit indicating that our methods
yields reliable results.
6.7 NGC 6178
We present for the first time UBVRI CCD data of the stars
in the field of NGC 6178. The CMD of the observed stars
presented in the left panel of the Figure 10 shows a clear MS
from V ≈ 8 to 16 with distant field stars contamination at
V ≥ 15.5.
In our analysis we opted to artificially set the stars with
(B − V) ≥ 1.5 and V ≥ 16 as field stars to avoid biasing
the isochrone fits to greater distances. Using Pph and the
mean of Pph and Pµ to weight the data, our method obtains
statistically similar fundamental parameters. In the middle
panels of the Figure 10 are presented the data weighted by
Pph and by the mean of Pph and Pµ. In Table 1 we give the
final values determined using Pph and Pµ since it leads to
smaller errors in the parameters estimated.
The results obtained using the Gaia data are presented
in the right panel of the Figure 10. The membership provides
a clearly defined MS range from Gmag ≈ 8 to 19.
The parameters determined by our method of isochrone
fitting agree with those obtained using the same method
applied to UBVRI data. The parameter E(B-V) shows a
larger difference but still within 2σ.
Despite the fact that our results give an age in agree-
ment with the values obtained by Piatti et al. (2000) and
K13, the distance of the cluster is about 200 pc lower, which
is comparable with the value published by Moffat & Vogt
(1973). We conclude that NGC 6178 is a young open cluster
with a binary fraction of (55± 10)% located at about 820 pc
from the Sun.
7 DISCUSSION OF THE RESULTS
The results presented in the previous section obtained from
UBVRI and Gaia DR2 data, show good internal consistency.
However, some caveats about the UBVRI results for the clus-
ters studied in this work must be pointed out. For the clus-
ters NGC 6087 and IC 4651, the observed field is smaller
than the estimated cluster size. This impairs the determina-
tion of the Pph since the density map may have inadequate
coverage. The errors of the proper motions were used in the
determination of Pµ and the errors of the UCAC5 data are
considerable for stars with V ≥ 13. For all investigated clus-
ters, except Dias 4 and Dias 6, the analysis using Pµ was
possible because the TO of the cluster is at V ≤ 14 which
allows a good portion of MS to be sampled. For older (and
more distant) clusters such as Dias 4 and 6, this does not
happen. For Dias 4 and Dias 6 a small part of the MS is
sampled in the most contaminated part and of greater er-
rors of the CMD, which leads to greater uncertainties in
the final parameters estimated by the isochrone fit using the
data weighted by Pph and Pµ. Finally, in our photometric
method to estimate the memberships, typically bright stars
close to the center of the field may receive high Pph. Simi-
larly, field stars with proper motion closer to the mean of the
cluster may also receive high Pµ. For these cases there is no
guarantee that the stars will be a real member as happened
with the star TYC 8719-650-1 in the field of the cluster NGC
6087. All of these ambiguities were solved by the member-
ship determined from astrometric data of Gaia DR2 catalog.
The comparison of the mean proper motion of the clus-
ters determined by UCAC5, UCAC4 and Gaia DR2 data are
given in Table 7 where we reproduce the results obtained
with the catalog UCAC5 of Table 2 and those obtained with
UCAC4 from D14. The mean difference in the mean proper
motion from UCAC5 minus Gaia is 0.25 mas yr−1 in µαcosδ
and 0.13 mas yr−1 in µδ . The standard deviations are 0.62
mas yr−1 and 0.45 mas yr−1, in µαcosδ and µδ , respectively.
As expected we found consistent results with the Gaia stan-
dard deviation being about ten times lower.
We also investigated the distances of the clusters ob-
tained by our method of isochrone fitting and those esti-
mated from parallaxes using the Gaia data. The compari-
son is given in Table 7 where the values estimated from the
parallax data were determined using the mean and stan-
dard deviation parallaxes given in Table 3. If we consider
this value as the parallax of a single star situated in the
same parallax of the cluster we can convert it to distance by
the procedure published by Astraatmadja & Bailer-Jones
(2016) and Luri et al. (2018). The distance was estimated
using the prior given by the procedure published by Bailer-
Jones et al. (2018), which uses a distance scale that varies
smoothly as a function of Galactic longitude and latitude
according to a Galaxy chemo-dynamical model, including
extinction. The distance estimate is given by the mode and
the standard errors provided were estimated considering the
calculated 5th and 95th percentile confidence intervals. Us-
ing a symmetric distribution approximation we can calculate
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Figure 9. Same as Figure 3, but for NGC 6087. The data and a complete set of plots, including the color-color diagram, are available
at the web-site of the project https://wilton.unifei.edu.br/OPDSURVEY/NGC6087-13jul06.html
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Figure 10. Same as Figure 3, but for NGC 6178. The data and a complete set of plots, including the color-color diagram, are available
at the web-site of the project https://wilton.unifei.edu.br/OPDSURVEY/NGC6178-13jul07.html
σ = r95 − r5/(2x1.645), which is equivalent to 1σ Gaussian
uncertainty.
The results agree within the errors indicating that our
method is reliable. Interestingly, although the comparison is
based on only six points, there is a systematic tendency for
the distance from parallax to be greater than the distance
from the isochrone fit. The mean difference is of about 28
pc in the sense of distance from parallaxes minus distance
from isochrone fit with a standard deviation of 96 pc.
The comparison of the results obtained by the isochrone
fit using UBVRI and Gaia data show how much the mem-
bership from Gaia improves cluster feature detection. The
results of mean proper motion are much more precise allow-
ing to go beyond the separation of cluster and field popula-
tions, as was the case of Dias 4 where we were able to detect
two distinct clusters in the field.
The agreement between the values obtained using UB-
VRI and Gaia data underlines the quality of our ground
based observed data. It is also interesting to point out that
in this work the E(B-V) values estimated from the Gaia data
agree with the values determined with the photometry using
the U filter. The values of [Fe/H] estimated using UBVRI
and Gaia data are also in agreement and the comparison
with the literature indicates it can be estimated with un-
certainty of about 0.1 dex from the isochrone fit method as
shown by Oliveira et al. (2013).
Finally, we estimated the binary fraction of the clus-
ters to be in the range between 40% - 60% with the Gaia
photometric data. This aspect as well as others will be inves-
tigated in more detail with a large number of open clusters
with different ages in a forthcoming paper.
8 CONCLUSIONS
We presented fundamental parameters of seven open clus-
ters studied which except for one, had UBVRI photometry
obtained for the first time. It is surprising that for some open
clusters there were photometric data for only a reduced num-
ber of stars, as in the case of the NGC 5138 studied in this
work. Although in general photoelectric data are more accu-
rate, the number of observed stars is typically much smaller,
which can lead to problems in the distance and age deter-
mination due to the poor sampling of the main sequence in
the CMD.
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Table 6. Comparison of our results for mean proper motions with
those provided by Dias et al. (2014) and obtained using the Gaia
DR2 data. in the column nstars are given the number of estimated
member stars of each cluster. The values are in mas yr−1.
cluster µα cosδ σ µδ σ nstars catalog
Collinder 307 -1.9 0.2 -3.8 0.1 196 UCAC5
-0.6 5.3 -3.5 3.5 176 UCAC4
-0.725 0.023 -3.294 0.028 484 Gaia
NGC 5138 -5.9 2.3 -2.1 1.1 350 UCAC5
-8.0 5.1 -1.4 4.6 283 UCAC4
-3.600 0.018 -1.469 0.059 200 Gaia
Dias 4 -5.7 1.1 -2.2 0.1 155 UCAC5
-4.3 4.8 -5.3 3.5 168 UCAC4
Dias4a -4.529 0.028 -1.985 0.023 1484 Gaia
Dias4b -4.439 0.012 -2.344 0.004 916 Gaia
Dias 6 0.8 0.7 -1.8 1.3 175 UCAC5
-1.0 1.9 -1.6 1.8 105 UCAC4
0.5076 0.021 -0.580 0.023 953 Gaia
IC4651 -2.5 0.8 -5.2 0.1 552 UCAC5
-1.6 3.8 -2.6 4.1 480 UCAC4
-2.459 0.062 -5.073 0.017 814 Gaia
NGC 6087 -2.8 2.2 -4.4 2.2 972 UCAC5
-5.4 4.4 -4.9 4.7 620 UCAC4
-1.626 0.048 -2.405 0.051 1180 Gaia
NGC 6178 -1.2 0.9 -3.0 1.5 286 UCAC5
-0.8 6.3 -0.8 5.0 203 UCAC4
0.594 0.075 -3.382 0.019 380 Gaia
Table 7. Comparison of the distances obtained from parallax
data given in column two and distances determined with our
method of isochrone fit given in the column three both using
the Gaia DR2 data. We used the mean and standard deviation
parallaxes given in Table 3 converted to distance by the proce-
dure published by Bailer-Jones et al. (2018). The standard errors
provided in the distance from parallaxes were estimated consid-
ering a symmetric distribution approximation to the calculated
5th and 95th percentile confidence intervals. The values are given
in pc.
cluster distance distance
from parallax from isochrone
Collinder 307 1986 ± 135 1819 ± 497
Dias 6 3115 ± 568 2627 ± 182
IC4651 944 ± 42 924 ± 52
NGC 5138 1939 ± 197 1857 ± 95
NGC 6087 986 ± 47 1009 ± 97
NGC 6178 901 ± 41 817 ± 108
The results of the parameters and mean proper motions
obtained in this work agree with previous ones from the
literature.
In this work we have also used the Gaia DR2 data to es-
timate membership from astrometric data which, due to its
superior quality, better define the main sequence and turn-
off of the clusters in the CMD. It helps to constrain the
isochrone to fit the clusters providing more reliable and pre-
cise results. From the isochrone fit performed by our global
optimization tool we conclude is possible determine the E(B-
V) from the Gaia photometric data and estimate values of
[Fe/H] with uncertainty of about 0.1 dex.
An interesting point in this work is the consistency
between the UBVRI and Gaia results. We also point out
the agreement between the distance determined by paral-
lax, period-luminosity relation and the isochrone fit for the
Cepheid S Nor, member of the cluster NGC 6087. This exter-
nal check shows the results obtained by the global optimiza-
tion tool developed in our previous papers, to fit theoretical
isochrones to open cluster photometric data is reliable.
Finally, based on the Gaia data we also report a discov-
ery of two new clusters (Dias 4a and Dias4b) in the extended
field near what was originally Dias 4.
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